Abstract-Threshold estimates and superthreshold behaviors for ultrasound-induced lung hemorrhage were investigated as a function of species (adult mice and rats) and ultrasound frequency (2.8 and 5.6 MHz). A total of 151 6-to-7-week-old female ICR mice and 160 10-to-11-week-old female Sprague-Dawley rats were randomly divided into two ultrasonic frequency groups, and further randomly divided into seven or eight ultrasonic peak rarefactional pressure groups. Each group consisted of about 10 animals. Animals were exposed to pulsed ultrasound at either 2.8-MHz center frequency (1-kHz PRF, 1.42-s pulse duration) or 5.6-MHz center frequency (1-kHz PRF, 1.17-s pulse duration) for a duration of 10 seconds. The in situ (at the pleural surface) peak rarefactional pressure levels ranged between 2.5 and 10.5 MPa for mice and between 2.3 and 11.3 MPa for rats. The mechanical index (MI) ranged between 1.4 and 6.3 at 2.8 MHz for mice and between 1.1 and 3.1 at 5.6 MHz for rats. The lesion surface area and depth were measured for each animal as well as the percentage of animals with lesions per group. The characteristics of the lesions produced in mice and rats were similar to those described in previous studies by our research group and others, suggesting a common pathogenesis in the initiation and propagation of the lesions at the gross and microscopic levels. The percentage of animals with lesions showed no statistical differences between species or between ultrasound frequencies. These findings suggest that mice and rats are similar in sensitivity to ultrasound-induced lung damage and that the occurrence of lung damage is independent of frequency. Lesion depth and surface area also showed no statistically significant differences between ultrasound frequencies for mice and rats. However, there was a significant difference between species for lesion area and a suggestive difference between species for lesion depth. The superthreshold behavior of lesion area and depth showed that rat lung had more damage than mouse lung, and the threshold estimates showed a weak, or lack of, frequency dependency, suggesting that the MI is not consistent with the observed findings.
I. Introduction
T he safety record of clinical use of diagnostic ultrasound has been remarkable, with no reported adverse effects in humans. However, concerns for its safety have been raised following the publication of experimental findings documenting lung hemorrhage in mice [1] - [9] , rats [10] - [12] , rabbits [6] , [8] , monkeys [13] , and pigs [14] , [15] at levels of ultrasound exposure and pulsing conditions consistent with those used for ultrasonography in humans. Several studies have indicated that heating is not responsible for ultrasound-induced lung hemorrhage [1] , [2] , [16] . One recent study [17] demonstrated that lung hemorrhage is not produced by inertial cavitation. Other mechanical effects (noncavitational mechanisms) can occur in the presence of larger gas bodies within tissues (such as air in lung alveoli) or in tissues lacking cavitation nuclei. Such effects include radiation force, radiation torque, and microstreaming, any of which can cause tissue injury through stress and shearing phenomena [18] .
This article reports the results of two experiments that directly compare the incidence (percentage with lesions) and size (lesion surface area and depth) of ultrasoundinduced lung hemorrhage in mice and rats exposed at center frequencies of 2.8 and 5.6 MHz using the same exposure system and conditions. Such direct comparisons have not been made in the past. Rather, generalized trends of damage threshold as a function of species and frequency have been deduced from an evaluation of separate experiments [18] . Understanding species dependency will provide valuable insight into whether (and how) the mechanism of lung damage in animals can be extrapolated to humans. Understanding frequency dependency will provide knowledge related to the pathogenesis of ultrasound-induced lung hemorrhage and a scientific basis for reviewing the applicability of the output display standard's mechanical index [19] , [20] .
II. Materials and Methods

A. Exposimetry
Ultrasonic exposures were conducted using two focused, 19- water, 22
• C) pulse-echo ultrasonic field distribution measurements were performed according to established procedures [21] - [23] (Table I ).
An automated procedure was developed to routinely calibrate the ultrasound fields [20] - [23] . The procedure was based on the AIUM standards [24] and the output display standard [19] . The source transducer's drive voltage was supplied by a RAM5000 (Ritec, Inc., Warwick, RI) that had the capability to deliver up to a 5-kW single-cycle pulse into a 50-ohm load (Fig. 1) . To simplify the automated procedure, the source transducer was manually positioned in a water tank (degassed water, 22
• C) such that its beam axis was approximately parallel to the z-axis. Either of two calibrated PVDF membrane hydrophones (Perceptron Model 804-010, Plymouth Meeting, PA, and Marconi Model Y-34-6543, Chelmsford, UK) was mounted to the computer-controlled micropositioning system (Daedal, Inc., Harrisburg, PA). Each of the three orthogonal axes of the micropositioning system had a linear accuracy of 2 µm. The hydrophone's signal was digitized with an oscilloscope (500 Ms/s, LeCroy Model 9354TM, Chestnut Ridge, NY), the output of which was fed to the same computer (Dell Pentium II, Round Rock, TX) that controlled the positioning system.
The pulse intensity integral (PII) was the basic field quantity used to estimate the beam axis:
where ρc was the characteristic acoustic impedance of water, p(t) was the instantaneous acoustic pressure determined from the calibrated hydrophone, and the limits of integration completely bracketed the duration of the pulse. The PII was calculated for each pulse by the same computer that controlled the micropositioning system and acquired the digitized hydrophone voltage. The source transducer's beam axis was estimated by determining the straight line that consisted of points of the maximum PII at several distances from the transducer. Maximum PII values were determined in five separate x-y planes ( Fig. 1) , with adjacent planes separated by 2 mm. These x-y planes were approximately perpendicular to the beam axis and spanned axially (z direction) the focal region. Manual control of the micropositioning system was used to find the focus' location; the focus was defined as the location at which the hydrophone's RF signal on the oscilloscope was a maximum. The hydrophone's starting position (i.e., the origin for the automated procedure) was located 500 µm laterally in both the x-and y-directions, and 2 mm toward the transducer from the focus in the z-direction. The hydrophone was scanned in 50-µm increments over a distance of 1 mm in the x-direction to locate the maximum PII along that line, then returned to the origin. The process was repeated in the y-direction. Assuming a circular symmetric field about the beam axis, these two maximum PII values determined the axial maximum PII in the first x-y plane. This process was repeated in four additional planes, each separated by 2 mm in the z-direction, away from the transducer. A total of five maximum PII values resulted, one for each x-y plane. A linear regression analysis used the coordinates of these five maximum PII values to determine an equation of the beam axis. Calculations for this phase of the calibrations were conducted by the control computer.
The control computer used the beam axis equation to position the hydrophone along the beam axis. Beginning at the first x-y plane, the system acquired RF hydrophone waveforms at 50-µm intervals along the beam axis. The acquisition rate was 500 Ms/s. For both the 2.8-MHz and 5.6-MHz source transducers, the axial range over which the RF waveforms were acquired was 8 mm. The only exception to the calibration procedure as discussed above was the insertion of a 13-ohm in-line attenuator between the RAM5000 and transducer; this configuration was used for sham exposures to yield a very low exposure level during transducer alignment procedures (see below). The RF data were transferred to a Sun UltraSparc workstation and analyzed using Matlab (The Mathworks, Natick, MA).
The RF hydrophone waveforms were processed to yield axial profiles for the following quantities: rarefactional pressure, compressional pressure, pulse intensity integral, and their derated (0.3 dB/cm-MHz) values. Typical axial profiles of these quantities are shown in Fig. 2 at both frequencies for both a lower and a higher output.
The maximum water-based value of the rarefactional pressure axial profile is termed the peak rarefactional pressure and denoted as p r(in vitro) . The maximum water-based value of the compressional pressure axial profile is termed the peak compressional pressure and denoted as p c(in vitro) . The maximum water-based value of the pulse intensity integral axial profile is termed the peak pulse intensity integral and denoted as PII (in vitro) . The 0.3 dB/cm-MHz derated values of the two peak pressure quantities, determined from the derated axial profiles, are denoted as p r.3 and p c.3 , respectively, and were determined at the location of the maximum value of the derated pulse intensity integral PII .3 . The MI was calculated using the ODS procedure [19] from p r.3 / √ f c , where f c is the center frequency of either 2.8 or 5.6 MHz (Table II) . It is worth noting (as discussed below) our purpose for providing the MI in Table II . The ultrasound-induced lung damage reported herein is probably not related quantitatively to the MI. The MI is a regulated quantity [20] of diagnostic ultrasound systems, and its value is available to system operators. Thus, there is value to provide the MI for each of our exposure settings in order to give general guidance to manufacturers and operators as to the levels we are using in this study. Further, it is a quantity that cannot be determined if we only report p r(in vitro) (see below), the exposure quantity we are using to report our findings.
Twenty-two independent calibrations of the 2.8-MHz transducer and 19 independent calibrations of the 5.6-MHz transducer were conducted before, during, and after the 5-month period of the experiments. Standard deviations of p r(in vitro) were less than 17% of their respective mean values for the 2.8-MHz transducer and 16% for the 5.6-MHz transducer. Standard deviations of p c(in vitro) were less than 21% of their respective mean values for the 2.8-MHz transducer and 19% for the 5.6-MHz transducer. The measured pulse durations [24] were 1.42 and 1.14 µs at the center frequencies of 2.8 and 5.6 MHz, respectively.
The in situ (at the pleural surface) peak rarefactional and compressional pressures were estimated from:
respectively, where p r(in vitro) and p c(in vitro) are the max- imum water-based values, A is the mean attenuation coefficient of the chest wall's intercostal tissue (2.8 dB/cm at 2.8 MHz; 5.9 dB/cm at 5.6 MHz) measured from 41 separate mouse chest walls and 27 separate rat chest walls using a broadband insertion loss technique [25] , and x is the mean chest wall thickness (151 mice: 3.06±0.71 mm; 160 rats: 5.04±0.46 mm).
The experimental findings are analyzed and reported in terms of the in situ (at the pleural surface) peak rarefactional pressure p r(in situ) (Table II) .
B. Animals
The experimental protocol was approved by the campus' Laboratory Animal Care Advisory Committee and satisfied all campus and NIH rules for the humane use of laboratory animals. Animals were housed in an AAALACapproved animal facility, placed in groups of three or four in polycarbonate cages with beta-chip bedding and wire bar lids, and provided food and water ad libitum.
In the first experiment, a total of 151 6-to-7-weekold 27.8±2.1-gram female ICR mice (Harlan Sprague Dawley Laboratories, Indianapolis, IN) were divided into two ultrasonic frequency groups (2.8 and 5.6 MHz). The ultrasonic frequency groups were subdivided into eight (2.8 MHz) and seven (5.6 MHz) ultrasonic pressure groups consisting of 10 or 11 mice in each group. In the second experiment, a total of 160 10-to-11-week-old 255±34-gram female Sprague-Dawley rats were divided into two ultrasonic frequency groups (2.8 and 5.6 MHz). The ultrasonic frequency groups were subdivided into nine (2.8 MHz) and seven (5.6 MHz) ultrasonic pressure groups consisting of 9, 10, or 11 rats in each group (Table II) . The exposures were conducted in four separate groupings of frequency and species. For example, all of the 2.8-MHz mice were done at the same time. For each of the four groupings, animals were assigned to an ultrasonic pressure group at random. Sham exposures were incorporated into the randomization in each of the groupings (Table II) . The individuals involved in animal handling, exposure, and lesion scoring were blinded to the exposure condition (i.e., the ultrasonic pressure level). The exposure condition for each animal was revealed only after the final results were tabulated.
Mice and rats were weighed then anesthetized with ketamine hydrochloride (87.0 mg/kg) and xylazine (13.0 mg/kg) administered intraperitoneally. For each animal, the skin of the left thorax was exposed by removing the hair with an electric clipper, followed by a depilatory agent (Nair Carter-Wallace, Inc., New York, NY) to maximize sound transmission. A black dot was placed on the skin over the ribs at approximately the sixth to ninth rib to guide the positioning of the ultrasonic beam. Anesthetized animals were placed in specially designed holders that were sized for each species. The ultrasonic transducer was attached to the holder. A removable pointer, attached to the transducer, was used to position the ultrasonic beam perpendicular to the skin at the position of the black dot with the beam's focal region approximately at the lung surface (Fig. 3) . The ultrasonic beam was incident on the lateral surface of the lung.
The holder with the animal and mounted transducer was placed in degassed, temperature-controlled (30
• C) water. The low-power pulse-echo capability of the exposure system (RAM5000) displayed on an oscilloscope was used to adjust the axial center of the focal region to within 1 mm of the lung surface. It was during this part of the experimental procedure that the 13-ohm in-line attenuator was placed between the RAM5000 and transducer to obtain very low exposure values (see sham in Table II for these low-level ultrasonic pressure levels). Also, the pulse repetition frequency was 10 Hz during this alignment procedure. The ultrasound propagation media between the transducer and the animal's skin surface was degassed water as also was used for transducer calibrations. Animals were exposed to pulsed ultrasound with a pulse repetition frequency of 1 kHz and an exposure duration of 10 s. Following exposure, animals (mice and rats) were removed from the water and holder, then euthanized under anesthesia by cervical dislocation.
The left thoracic wall was opened and the thickness of the intercostal tissue (skin, fat, fascia, muscle, and parietal pleura) between the ribs was measured with a digital micrometer (accuracy: 10 µm) at the black dot used for transducer alignment. These chest wall measurements were used for later calculation of the in situ ultrasonic pressures at the visceral pleural surface. The lungs were removed from each animal and the left lung lobe was scored for the presence or absence of hemorrhage. Lung hemorrhage formed along the pathway of the ultrasound beam, and the lesion assumed a conical shape. The base of the lesion originated at the visceral pleural surface and was elliptical in shape. The lesion extended into lung parenchyma to form its apex at varied depths within the lung (Fig. 4) . The left lung was fixed by immersion in 10% neutral-buffered formalin for a minimum of 24 hours. After fixation, the elliptical dimensions of each lung lesion at the visceral pleural surface were measured using a digital micrometer where "a" is the semi-major axis and "b" is the semi-minor axis. The lesion was then bisected and the depth "d" of the lesion within the pulmonary parenchyma also was measured. The surface area (πab) and volume (πabd/3) of the lesion were calculated for each animal. Each half of the bisected lesion was embedded in paraffin, sectioned at 5 µm, stained with hematoxylin and eosin, and evaluated microscopically.
C. Statistics
Logistic regression analysis was used to examine the dependence of the probability of inducing a lesion on the species, frequency, and peak rarefactional pressure. As described in standard texts such as [26] , the logistic regression model expresses the log-odds of an event as a linear regression model with coefficients for each of the variables in the study. The modeling and analysis of statistical significance was performed using S-Plus (MathSoft Inc., Cambridge, MA). Logistic regression estimates and confidence intervals were transformed to yield estimates and confidence intervals for the ED05 threshold, i.e., the in situ peak rarefactional pressure that leads to a 5% probability of a lesion [27] . The ED05 estimates and standard errors were computed using CatReg, a categorical regression module for S-Plus [28] .
Depth and root surface area (surface area was squareroot transformed, that is, [surface area] 0.5 ) of lesions were analyzed with linear regression analysis using S-Plus . Animals exhibiting no lesions were included as zero values in the analysis. Residual plots and Cook's D influence statistics [29] were examined to identify outliers and to develop a sensitivity analysis to determine whether outliers substantially affect the conclusions. Graphs of ordered residuals versus normal percentiles indicated the need for a square root transformation of surface area in order to achieve an adequate fit of a linear model. After transformation, no outliers or influential points were detected for the surface area model. Two observations were flagged as outliers for the depth model: a mouse in the 5.6-MHz/6.89-MPa group had a lesion 8.33 mm deep but only 0.09 mm 2 in surface area; and a mouse in the 5.6-MHz/8.53-MPa group had a lesion 6.85 mm deep but only 0.26 mm 2 in sur- face area. The regression model for depth was fit with and without these observations to determine their influence on the conclusions of the statistical analysis. Zero crossings of the fitted regression lines along with their standard errors were computed in S-Plus using matrix calculations. Standard errors were derived by first-order Taylor. The zero crossings indicate in situ peak rarefactional pressures for which the expected lesion size is close to zero.
III. Results
A. Gross and Histological Observations
Grossly, the lesion visible on the visceral pleura surface was a red to dark red elliptical area of hemorrhage that formed along the pathway of the ultrasound beam (Fig. 5) . Examination of the bisected lesion demonstrated hemorrhage that assumed a conical shape whose base opposed the visceral pleural surface and whose apex extended into subjacent lung parenchyma. Microscopically, the lesion was alveolar hemorrhage; alveolar septa did not appear injured. The principle tissue affected was the microvasculature. There were no differences in the gross or microscopic characteristics of the lesion based on species exposed or ultrasonic frequencies used except, for those characteristics (surface area, depth) determined by exposure condition (peak rarefactional pressure).
B. Percentage of Animals with Lesions
The logistic regression model-including effects for species, frequency, and in situ peak rarefactional pressure-was highly statistically significant, with a loglikelihood ratio chi-square of 121.6 on 3 degrees of freedom, so the trends observed in the percentage of animals with lesions could not be explained by chance alone (mice: N=151; rats: N=160) (Fig. 6) . The Z-tests for the individual coefficients in the model indicated that in situ peak rarefactional pressure was highly statistically significant (p<0.0001), whereas species (p=0.17) and frequency (p=0.88) were not significant. The fitted model gave the estimated in situ peak rarefactional pressure ED05 values and standard errors (Table III) . The 95% confidence intervals for the ED05 are overlapped, reflecting the lack of significance of the species and frequency differences. Removing species and frequency from the model led to a combined estimated odds ratio of 1.87, a near doubling of the odds of a lesion, for each 1 MPa increase in peak rarefactional pressure. The combined ED05 threshold was estimated to occur at an in situ peak rarefactional pressure of 3.0 (±0.6) MPa. A combined 95% confidence interval for the threshold ranged from 0.7 to 4.1 MHz.
C. Lesion Surface Area and Depth
The linear regression of root surface area with coefficients for species, frequency, and in situ peak rarefactional pressure was highly significant with an R 2 of 0.40 (mice: N=147; rats: N=160) (Fig. 7) . Based on t-tests for the individual coefficients in the model, the species difference in surface area was significant (p=0.001), the difference due to frequency was suggestive but not significant (p=0.09), and the in situ peak rarefactional pressure was highly significant (p<0.0001). The fitted model gave the estimated in situ peak rarefactional pressure zero-crossing values and standard errors (Table III) .
The linear regression model for lesion depth was fit with and without two outliers. With the outliers (mice: N=147; rats: N=160) (Fig. 7) , the model, although highly significant, exhibited an R 2 of only 0.20. The difference in depth due to species was approaching significance (p=0.064), whereas the difference due to frequency was not significant (p=0.49). In situ peak rarefactional pressure was a highly significant regressor (p<0.0001). Without the outliers (mice: N=145; rats: N=160), R 2 increased to 0.39, which is consistent with the fit of the regression model for root surface area. Evidently the outliers accounted for a substantial portion of the residual error. With outliers removed, both the species effect and the in situ peak rarefactional pressure were highly significant (p<0.0001), and frequency was not significant (p=0.46). The fitted model gave the estimated in situ peak rarefactional pressure zerocrossing values and standard errors for both with and without outliers (Table III) . The outlier measurements occurred for two of the mice in the study. These outliers affected both the mouse and the rat estimates of zerocrossings, because the final model includes only a single coefficient for MPa rather than species by MPa interaction. However, the differences between estimated zero-crossings for rats with and without the outliers are within sampling variation. Without the outliers, all of the estimated zerocrossings are consistent with the estimated zero-crossings for surface area. 
D. Analysis of Lesion Shape
Lesion area and depth were correlated with a Pearson correlation coefficient of 0.51. Root surface area and depth exhibited a correlation coefficient of 0.63. These correlations persisted after adjustment for species, frequency, and in situ peak rarefactional pressure; the partial correlation coefficient between depth and root surface is 0.52.
IV. Discussion
The characteristics of the lesions produced in mice and rats from this study were similar to those described in previous studies [1] , [3] - [9] , [11] , [12] . The lesion visible under the visceral pleura surface was a red to dark red elliptical area of centripetally expanding hemorrhage. Extension of hemorrhage into deeper lung parenchyma assumed a conical shape whose base opposed the visceral pleural surface and apex extended into subjacent lung parenchyma (Fig. 5) . The long axis of the lesion was not parallel with the ribs but followed the normal axis (movement) of the chest during the respiratory cycle.
These findings suggest a common pathogenesis in the initiation and propagation of the lesions at the gross and microscopic levels. We hypothesize that the pathogenesis of ultrasound-induced lung hemorrhage is a two-step process. The first step requires "initiation" of the lesion at the tissue-air interface formed by the visceral pleura and contiguous alveoli at the site of exposure. Tissue injury results in hemorrhage that fills alveoli with blood. The nature of this injury remains to be determined. The second step requires "propagation" of the lesion into deeper tissues by spread of the acoustic energy through blood-filled alveoli to the next tissue-air interface in contiguous air-filled alveoli. It is through this repetitive process that the lesion likely forms its conical shape. The depth of the lesion may be limited by attenuation of sound energy in blood-filled alveoli as the lesion expands into deeper tissue or by loss of energy as the beam refracts from the focal point at the visceral pleural surface as it encounters deeper areas of the lung.
The elliptical shape of the lesion on the lung surface is consistent with both the beam shape and the lung movement relative to the ultrasound beam. As the threshold conditions are met, the area of the lesion may increase over a larger area of the lung surface. The penetration into the lung is consistent with the hypothesis of Raeman et al. [4] that the initial damage at the surface results in fluid filling that increases penetration of the sound into the lung such that damage results at greater depths. Thus, the hemorrhage is initiated at the lung surface, just under the visceral pleura, but propagates from the surface deeper into the lung. The elliptical shape of the lesion on the lung surface suggests that the lesion originates from a small point just under the visceral pleura and spreads out laterally and from that point into adjacent lung parenchyma. The normal movement of the lung and thoracic wall during the respiratory cycle (inspiration and expiration) contributes, in part, to the elliptical shape of the surface lesion; but it does not account for the conical shape of the deeper lesion. The conical expansion of the lesion to form the apex of the cone in deeper lung tissue implies a uniform extension of the lesion and of ultrasound energy into these lung tissues (lesion depth and [root] surface area are correlated). Both of the outlier lesions reported here exhibited an unusual shape in which deep lesions had relatively small surface areas. This pattern of damage might occur if an animal were completely stationary and possibly not breathing during ultrasound, because the beam target then would be highly localized. However, this hypothesis has not been tested.
No differences for either species or ultrasound frequency on the occurrence (percentage) of lesions were noted (Fig. 6) . Further, no differences on frequency for both lesion depth and area were noted, although there was a difference for species on lesion area and a suggestive difference for species on lesion depth (Fig. 7) . The occurrence (percentage) results are consistent with the prediction that mice and rats should be relatively similar in sensitivity to lung damage [18] , although the lesion area and depth results suggest the possibility of different sensitivities for mice and rats. The superthreshold behavior of lesion area and depth, as seen from the regression equations (Fig. 7) , shows that rat lung has more damage than mouse lung.
It is unclear why lesion propagation, or rate of growth, should be greater in the rat than the mouse. Examination of the literature provides no clear guidance. On one hand, this result is remarkably consistent with results of Dalecki et al. [9] in which lesion area was examined as a function of acoustic pressure amplitude for neonatal, juvenile, and adult mice. It was shown that, although the thresholds for lung hemorrhage were similar for the three age groups, the lesion area was significantly larger (increased at a far greater rate for comparable changes in acoustic pressure) in adults than in the juveniles or neonates. Thus, the larger the animal the larger the suprathreshold hemorrhage area, as found in this study comparing mice and rats. On the other hand, Baggs et al. [14] showed that the rate of growth of lesion area in 10-day-old swine, which were many times larger than adult mice, was on the same order or less than for the adult mice.
A possible explanation for the superthreshold behavior differences observed between mice and rats could relate to the fact that the ribs are more closely spaced in the mouse (approximately 3 mm between rib centers) than in the rat (approximately 5 mm between rib centers). The issue is not the size of the ribs but the width of the intercostal space between the ribs. The intercostal space between ribs becomes wider among species as they increase in body weight (e.g., rat intercostal space is wider than mouse) and as animals increase in body weight within a species as they age. Although the focused ultrasound beam is positioned in the intercostal space (between the ribs), the respiratory cycle moves the spatially fixed beam in and out of the intercostal space during exposure. Therefore, the ultrasound beam will inevitably hit the cranial and caudal ribs with each respiratory cycle. The closer the rib spacing the more likely the ultrasound beam will be intercepted by the ribs during chest wall movement with respiration. Thus, it is likely that the small differences seen in this study are not due to differing sensitivity of the lungs to pulsed ultrasound in mice and rats, but to increased shading of the ultrasound field by the mouse's ribs compared to that by the rat's ribs. The region of the exposure-response curve that marks the transition from "no-lesion" to "lesion" is one definition for the threshold. However, this is an unrealistic definition in terms of determining a quantitative threshold estimate because the number of animals necessary to verify that no lesions occur below some p r(in situ) value is excessive. Instead, as used herein, the threshold estimates use all of the acquired data, and an extrapolation from the superthreshold exposure conditions. In situ peak rarefaction pressure threshold estimates for lesion occurrence (percentage), area, and depth for each species and frequency are listed in Table III . Lesion occurrence (percentage) threshold is based on ED05, that is the 5% occurrence based on the logistic regression model probability. The lesion area and depth thresholds are based on the linear regression p r(in situ) zero crossing as defined in the Materials and Methods section.
The minimal difference in thresholds observed between the two frequencies used in this study is of note, and perhaps quite significant. The transducer characteristics were chosen so that the focal beam diameter was very nearly the same for the two frequencies used (though the focal depth and water-based nonlinear characteristics are different). It is not obvious from lesion volume (Fig. 8) how suprathreshold lesion development depends on frequency in this study. However, examination of Table III allows us to estimate the frequency dependence in the thresholds. The ratio of the p r(in situ) threshold values (ED05 or zero crossing) at 5.6 MHz to that at 2.8 MHz yields 0.833 and 1.22 for mouse and rat occurrence (percentage), respectively; 1.17 and 1.20 for mouse and rat surface area, respectively; 0.889 and 0.906 for mouse and rat depth with outliers, respectively; and 1.06 and 1.11 for mouse and rat depth without outliers, respectively. These values are all much smaller ratios than 1.41 ( 5.6/2.8) predicted by the square root of frequency dependence in the MI. The frequency dependence built into the MI was developed specifically to reflect the best idea as to the dependence of the likelihood for cavitation on frequency under specified con-ditions [19] . In fact, previous results for thresholds for, and extent of, lung damage have fit the frequency dependence exhibited by the MI reasonably well [18] . This outcome was true, despite the fact that the mechanism for damage to the lung does not appear to be inertial cavitation [17] .
V. Conclusion
These results suggest the need to examine further the frequency dependence for lung damage and the application of the MI to prediction of mechanical effects not associated with an inertial cavitation mechanism.
